Three leuA-like protein-coding sequences were identified in Leptospira interrogans. One of these, the cimA gene, was shown to encode citramalate synthase (EC 4.1.3.-). The other two encoded ␣-isopropylmalate synthase (EC 4.1.3.12). Expressed in Escherichia coli, the citramalate synthase was purified and characterized. Although its activity was relatively low, it was strictly specific for pyruvate as the keto acid substrate. Unlike the citramalate synthase of the thermophile Methanococcus jannaschii, the L. interrogans enzyme is temperature sensitive but exhibits a much lower K m (0.04 mM) for pyruvate. The reaction product was characterized as (R)-citramalate, and the proposed ␤-methyl-D-malate pathway was further confirmed by demonstrating that citraconate was the substrate for the following reaction. This alternative pathway for isoleucine biosynthesis from pyruvate was analyzed both in vitro by assays of leptospiral isopropylmalate isomerase (EC 4.2.1.33) and ␤-isopropylmalate dehydrogenase (EC 1.1.1.85) in E. coli extracts bearing the corresponding clones and in vivo by complementation of E. coli ilvA, leuC/D, and leuB mutants. Thus, the existence of a leucine-like pathway for isoleucine biosynthesis in L. interrogans under physiological conditions was unequivocally proven. Significant variations in either the enzymatic activities or mRNA levels of the cimA and leuA genes were detected in L. interrogans grown on minimal medium supplemented with different levels of the corresponding amino acids or in cells grown on serum-containing rich medium. The similarity of this metabolic pathway in leptospires and archaea is consistent with the evolutionarily primitive status of the eubacterial spirochetes.
The leptospires are a physiologically unique genus of spirochetes that include the saprophyte Leptospira biflexa and the pathogen Leptospira interrogans. The latter organism is the etiologic agent of leptospirosis, a worldwide waterborne zoonosis that constitutes a health threat not only in tropical and subtropical countries but also in cities where sanitation is substandard and where rats serve as reservoirs (16) .
Spirochetes are an evolutionarily primitive species of bacteria (8, 42) . As suggested by whole-genome sequencing, the metabolism of L. interrogans differs extensively from that of other well-studied bacteria and from that of two other obligatory parasitic spirochetes, Treponema pallidum (18) and Borrelia burgdorferi (17) .
The biosynthesis of isoleucine is a case in point. In most microorganisms, isoleucine is synthesized from aspartate via threonine (38) . L-Threonine dehydratase (deaminase, ilvA; EC 4.2.1.16) is the key enzyme in this pathway. However, alternative routes to isoleucine from precursors other than threonine have been reported. Some anaerobes can assimilate 2-methylbutyrate into isoleucine (33) . In some pseudorevertants of ilvA mutants, ␣-ketobutyrate can arise from precursors other than threonine (3, 6, 9, 11, 13, 14, 15, 30, 39, 41) . Of the latter, the most commonly observed was a route from pyruvate and acetyl coenzyme A (acetyl-CoA) via citramalate (3, 9, 39, 41) . This "pyruvate pathway" was initially proposed for the genus Leptospira (9, 41) because isotope-labeling experiments indicated that in some leptospiral strains, ␣-ketobutyrate was derived from pyruvate rather than threonine. Only a limited number of leptospires possess catabolic threonine dehydratase (41) . Later, a similar observation was made with a thermophilic archaeon, Methanobacterium thermoautotrophicum, suggesting that isoleucine biosynthesis involves pyruvate as a precursor (14) . Recently, (R)-citramalate synthase (EC 4.1.3.-) activity was demonstrated in the thermophilic archaeon Methanococcus jannaschii (21) .
We were unable to identify an ilvA gene in L. interrogans during genome annotation but found three putative leuA protein-coding sequences (CDSs LA0469, LA2202, and LA2350) having LeuA domains associated with isopropylmalate, homocitrate, and citramalate synthases (see supplemental material) (32) . Here, we demonstrate that LA2350 encodes a citramalate synthase (CimA) while LA0469 encodes an ␣-isopropylmalate synthase (EC 4.1.3.12) (LeuA). In addition, we show that the ␣-isopropylmalate isomerase (EC 4.2.1.33) (LeuC/D) and ␤-isopropylmalate dehydrogenase (EC 1.1.1.85) (LeuB) of L. interrogans are functional in the biosynthesis of both leucine and isoleucine. Thus, L. interrogans serotype lai strain 56601 uses a pyruvate pathway for isoleucine biosynthesis ( Fig. 1) .
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The bacterial strains and plasmids used in this work are listed in Table 1 . L. interrogans (serogroup Icterohaemorrhagiae, serovar lai, type strain 56601) was grown in EMJH or Korthof (37) medium at 28°C. Only mid-log-phase cultures were used for gene expression or enzyme analysis experiments. Cells used in gene expression analysis were grown to a density of 10 8 /ml in 100 ml of EMJH medium supplemented with 0.5, 2.0, or 5.0 mM isoleucine or leucine. After around two generations (about 40 h), the cells were harvested by centrifugation at 8,000 ϫ g for 5 min.
Half of the cells were used to prepare extracts for enzyme assays, while the remainder was used to prepare total RNA for the real-time reverse transcription (RT)-PCR analysis. E. coli was routinely grown in LB medium (35) at 37°C, except where indicated otherwise. The solid medium used contained 1.0% agar. Antibiotics, when required, were used at the following concentrations: ampicillin, 100 g/ml; chloramphenicol, 35 g/ml; kanamycin, 50 g/ml. Minimal medium M9 (35) supplemented with the appropriate amino acids (histidine, methionine, and arginine) and thiamine (each at 200 g/ml) was used to cultivate E. coli mutants. In complementation experiments, amino acids (isoleucine, valine, and leucine) and ␣-ketobutyrate were added to the minimal medium individually at 200 g/ml.
General molecular biology techniques. Bacterial genomic DNA was prepared by a small-scale method (1) . Restriction endonucleases, Taq DNA polymerases, EZ Spin Column DNA Gel Extraction Kit, DNA Ligation Kit Ver.2 (from TaKaRa, Sangon, and Promega Corp.) were used in accordance with the manufacturers' protocols. Standard techniques were used for agarose gel electrophoresis, small-scale plasmid isolation, and bacterial transformation (26) . The DNA sequencing and analysis methods used have been described previously (32) .
Cloning and heterologous expression of L. interrogans genes. The DNA of genes of interest was synthesized by PCR with genomic DNA of strain 56601 as the template. The design of the following primers was based on the genomic sequences of individual genes with the incorporation of NdeI/HindIII, NdeI/ EcoRI, or NheI/HindIII restriction sites (underlined): LA2202, 5Ј-CATATGA GTGTTCGTTTAATTGATTG-3Ј and 5Ј-AAGCTTTGAGTTTCTTGAACGA CCCA-3Ј; LA2350, 5Ј-CATATGGGACGTTCTCAAAAGGTATC-3Ј and 5Ј-A AGCTTATGCCGGTTGTGAACATATT-3Ј; LA0469, 5Ј-GCTAGCGAGAAA ACAATGAAACAAGA-3Ј and 5Ј-AAGCTTACACAATAACTTGACTGGA G-3Ј; LA2095/LA2096, 5Ј-CATATGAATTCGATGAAGACAATGTT-3Ј and 5Ј-AAGCTTCGGTAGAATTATATGGCGTA-3Ј; LA2152, 5Ј-CATATGAGA ATGAAGAATGTAGCAGT-3Ј and 5Ј-GAATTCCTACACCTGCTTTCATAT TT-3Ј.
The resulting DNA fragments were inserted into pBluescript II KS that had been linearized with EcoRV. NdeI/HindIII, NdeI/EcoRI, or NheI/HindIII. Fragments harboring the desired genes were further cloned into pET28b and expressed in E. coli BL21(DE3) as previously described (27) . Protein expression was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (12.5% polyacrylamide).
Plasmid constructions for complementation studies. The XbaI/HindIII fragments harboring L. interrogans gene LA2202, LA2350, LA2096, or LA2152 with ribosomal binding sites (probably from L. interrogans for LA2096 but from the E. coli vector for the others) were generated from the corresponding expression plasmids (pEX_2202, pEX_2350, pEX_2095&2096, and pEX_2152). These fragments were inserted into psu2718 (25) to generate intermediate-copy-number expression plasmids psu_2202, psu_2350, psu_2096, and psu_2152. Because there are XbaI sites within the LA0469 and LA2095 genes, the following primers were designed on the basis of the sequences of individual genes with additional KpnI/HindIII or SacI/HindIII cleavage sites (underlined): psu_0469, 5Ј-GGTA CCGTTTAACTTTAAGAAGGAGA-3Ј and 5Ј-AAGCTTACACAATAACTT  GACTGGAG-3Ј; psu_2095, 5Ј-GGTACCGTTTAACTTTAAGAAGGAGA-3Ј  and 5Ј-AAGCTTCCTTTTTATTTCCAGTTTCG-3Ј; psu2095&2096, 5Ј-GAGC  TCGTTTAACTTTAAGAAGGAGA-3Ј and 5Ј-AAGCTTGAATTATATGGC  GTATAACC-3Ј. First, PCRs with pEX_0469 or pEX_2095&2096 as the template were used to generate proper fragments for insertion into EcoRV-cleaved pBluescript II KS. From these newly generated plasmids, KpnI/HindIII and/or SacI/HindIII fragments harboring the LA0469, LA2095, and LA2095&2096 genes were generated and introduced into psu2718 to construct plasmids psu_0469, psu_2095, and psu_2095&2096.
Enzyme purification and activity assays. For crude enzyme preparation, extracts of E. coli cells bearing L. interrogans genes were prepared by sonication of the cell pellets (50 to 100 mg, wet weight) suspended in 500 l of extraction buffers. The sonication conditions were three bursts at a 50% duty cycle, output 6, with a 30-s pause between bursts (Ultrasonic Homogenizer 4710 series; ColeParmer Instrument, Chicago, Ill.). In assays of citramalate synthase and ␣-isopropylmalate synthase, the extraction buffer was 0.1 M TES [N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid], pH 7.5. For assays of ␣-isopropylmalate isomerase and ␤-isopropylmalate dehydrogenase, potassium phosphate buffer (pH 7.0, 300 M) was used.
The CimA protein was purified in accordance with the recommendations of QIAexpressionist (The QIAexpressionist: a handbook for high-level expression and purification of 6xHis-tagged proteins, 5th edition, QIAGEN GmbH), with modifications. Specifically, crude extracts were prepared by sonication of 290 mg (wet After sonication, the sample was centrifuged at 16,000 ϫ g for 5 min. Ni-nitrilotriacetic acid slurry (50%, 1 ml) was added to the supernatant and mixed gently by shaking (200 rpm on a rotary shaker) at 4°C for 90 min. We followed the manufacturer's protocol for the remaining steps, except that the optimal imidazole concentration was 60 mM for the washing buffer. The protein present in the elution buffer gave an apparent single band of about 60 kDa on SDS-PAGE, as predicted from the gene sequence (Fig. 2) . The elution buffer was replaced with TES buffer via three successive equal-volume washes with an Ultrafree-15 spin column. Protein concentrations were determined by the Bradford method (5), with bovine serum albumin as the standard. The purity of the protein was determined with an LKB Ultrascan XL densitometer after Coomassie blue staining of SDS-PAGE gels. Citramalate synthase was assayed as described by Howell et al. (21) , except that the assay mixtures were incubated at 37°C instead of 50°C. ␣-Isopropylmalate synthase was assayed as described by Kohlhaw et al. (23) . Threonine deaminase was assayed as described by Lawther and Hatfield (24) . To determine the K m values, the pyruvate and ␣-ketoisovalerate concentrations were varied from 0.01 to 2 mM. The K m values were determined graphically from a Lineweaver-Burk plot.
Activities of LeuC/LeuD or LeuB from products encoded by clones of L. interrogans genes (pEX_2095&2096 or pEX_2152) expressed in E. coli were assayed in accordance with the procedures used for ␣-isopropylmalate isomerase (10) or ␤-isopropylmalate dehydrogenase (29) , respectively. The latter is a coupled reaction, and thus, E. coli extracts with LeuC/LeuD activity (pEX_2095&2096, 150 l) were added to the reaction mixtures composed of extracts of the E. coli LeuB expression strain (pEX_2152, 30 l) in a total volume of 1.0 ml. Dimethylcitraconate and citraconate were used as the substrates in assays to detect either their conventional functions in leucine biosynthesis (7) or the proposed functions in the leucine-like pathway for isoleucine biosynthesis, respectively.
Chirality of citramalate produced by citramalate synthase of L. interrogans (CimA, LA2350). The identity and chirality of citramalate were determined by gas chromatography with flame ionization detection (GC FID) and gas chromatography-mass spectrometry (GC-MS) of its dimethyl ester derivative (20) .
Both crude cell extracts and purified enzymes were used to catalyze the reaction in TES buffer. For reactions catalyzed by crude extracts (100 l, i.e., 0.283 mg of total proteins; specific activity, 0.18 mol/min/mg of protein), 1 mM pyruvate and 1 mM acetyl-CoA were incubated in 1 ml of reaction mixture in TES buffer at 37°C for 2 h. For purified enzyme, the reaction mixture, containing 2 mM acetyl-CoA, 2 mM pyruvate, and the enzyme preparation (30 l, i.e., 0.012 mg of enzyme protein; specific activity, 2.5 mol/min/mg of protein), was brought to a final volume of 100 l with TES buffer. Incubations were carried out at 37°C for 3 h. These reaction conditions were designed to allow the reaction to proceed nearly to completion; i.e., greater than 90% of the substrate was transformed to the product.
To stop the reaction, concentrated HCl was added to reaction mixtures to a final concentration of about 1 M. Precipitated proteins were removed by centrifugation. Samples were evaporated to dryness in a Savant Speed Vac Plus SC201A. The residue was dissolved in 1.0 ml of methanol (catalog no. 65543; Fluka, Buchs, Switzerland). After sonication, the contents were transferred to a 2-ml sample vial and 500 l of diazomethane was added (prepared in house, 98% pure). The reaction mixture was held at room temperature for 1 h and occasionally stirred on a Vortex mixer. After centrifugation, 1 l of the supernatant was injected onto a BGB-176 column for either GC-MS for identification of the citramalate diester or GC FID for quantification of the two isomers. Standards for GC-MS were (R)-, (S)-, and (RS)-citramalate purchased from Aldrich and Sigma (catalog no. 32,914-2, 33,199-6, and C0634, respectively). Standards were processed by the procedure described above.
All GC FID analyses were performed on an Agilent 6890 gas chromatograph (Agilent Schweiz AG, Mettmenstetten, Switzerland) with a BGB-176 chiral column (30 m by 0.25 mm [inside diameter], 0.25-m-thick film; BGB Analytics, Boeckten, Switzerland). The injector temperature was set to 200°C. The injection mode was splitless. The temperature gradient was 60 to 200°C at 3°C/min. The detector was held at 220°C. Hydrogen was used as the carrier gas at a pressure of 60 kPa.
Almost identical conditions were used for the GC-MS experiments. All experiments were carried out on a Hewlett Packard 5989 engine B equipped with an HP 5890 gas chromatograph. The injector temperature was set to 200°C. The split was set at 1:15. The temperature gradient was 60 to 220°C at 3°C/min. The carrier gas was nitrogen. The interface was set to 250°C. The source temperature was 220°C. The mass spectrometer was operated in electron impact mode at 70 eV. The mass range was 33 to 700 atomic mass units in 1.5 s.
RNA extraction and RT-PCR analysis. The Trizol method (Gibco BRL) was used for cell lysis and total RNA extraction. The extracted RNA, dissolved in 30 l of RNase-free water, was treated with RQ1 RNase-free DNase (Promega Corp.). Treated RNA (2 l) was processed with the Reverse Transcription System (20 l; Promega Corp.). After incubation for 10 min at room temperature, reactions were carried out at 42°C for 25 min, followed by enzyme inactivation at 95°C for 5 min. Real-time PCR was performed in accordance with the manufacturer's recommendations on the ABI Prism 7000 Sequence Detection System (Applied Biosystems) with the SYBR Green PCR Core Reagents (Applied Biosystems) in a 50-l reaction mixture. The amount of template cDNA used was 10 to 15 ng per assay. For negative controls, the template cDNA was replaced with an RNA preparation without RT. The reaction was initiated by 2 min of incubation at 50°C, followed by AmpliTaq Gold activation for 10 min at 95°C. Amplification was achieved by 40 cycles of 15 s at 95°C and 1 min at 55°C. The cycle threshold parameters were normalized to that of 16S rRNA, which served as an internal standard. The following primers were used in real-time RT-PCR experiments: RT_2350, 5Ј-AGTCTTCAAGCGATTCGTGC-3Ј and 5Ј-GTGGTTACGA GTGCTTCCAA-3Ј; RT_0469, 5Ј-CTTCGATTGCACCGGATAAC-3Ј and 5Ј-AA CCGTATCGCCTTCCAAGA-3Ј; RT_2202, 5Ј-GGTAATTGCAGCAGGAGCT A-3Ј and 5Ј-CTCCTCTTACGTTGCTGAGT-3Ј; RT_16S rRNA, 5Ј-CCTCAGTA ACGAACCTAACG-3Ј and 5Ј-TCACTCTTGCGAGCATAGTC-3Ј.
Nucleotide sequence accession numbers. The L. interrogans genomic sequences reported here have been submitted to the GenBank database and assigned accession no. AE010300 for CI, the large chromosome of 4,332,241 bp, and AE010301 for CII, the small chromosome of 358,943 bp.
RESULTS
The genome of L. interrogans has three CDSs highly similar to leuA but none for ilvA. In direct enzyme assays, we failed to detect any threonine deaminase activity in L. interrogans strain 56601 (Table 2 ). However, one of the three leuA-like CDSs (LA2350) shows substantial homology to the cimA genes of archaea, e.g., those of Methanopyrus kandleri (32% identity, 51% similarity), M. thermoautotrophicum (33% identity, 50% similarity), and M. jannaschii (32% identity, 52% similarity) (see supplemental material). All of these genes have a pyruvate carboxylase domain (PycA), and the one from M. jannaschii . On the other hand, both CDSs LA2202 and LA0469 are more similar to LeuA than to CimA, with the former bearing even higher homology than the latter. LA2350 encodes a citramalate synthase without detectable ␣-isopropylmalate synthase activity. The three aforementioned L. interrogans genes were cloned and expressed in E. coli. Activity assays confirmed the differences in catalytic specificity predicted by bioinformatics ( Table 2 ). Because the protein encoded by LA2350 has high citramalate synthase activity but no detectable ␣-isopropylmalate synthase activity, this gene was designated cimA. Extracts of E. coli expressing the LA2202 protein had very low ␣-isopropylmalate synthase activity but no citramalate synthase activity (Table 2) . It was designated leuA1. LA0469 was designated leuA2 on the basis of its high ␣-isopropylmalate synthase activity and relatively low citramalate synthase activity ( Table 2) .
The L. interrogans LA2350 protein, expressed in E. coli, was purified to 92% homogeneity, as determined by SDS-PAGE ( Fig. 2; Table 3 ). The specific activity of the purified citramalate synthase was 2.53 mol/min/mg of protein under standard assay conditions (see Materials and Methods); thus, the k cat of the enzyme was 2.41 s Ϫ1 (Table 4 ). The K m values for proteins expressed in E. coli were as follows: CimA (LA2350), 0.043 mM for pyruvate; LeuA2 (LA0469), 0.709 mM for pyruvate and 0.108 mM for ␣-ketoisovalerate (Table 4) .
The optimal reaction temperature and the thermostability of the L. interrogans citramalate synthase were measured (Fig. 3) . Unlike its counterpart from M. jannaschii, the L. interrogans CimA protein lost most of its enzymatic activity at 50°C. Its optimal reaction temperature was very close to the transition point of the thermostability curve. Thermostability is thus likely to be the main factor determining the optimal reaction temperature. Purified citramalate synthase was less thermostable than the crude enzyme (Fig. 3) .
The substrate specificity of the partially purified L. interrogans citramalate synthase (CimA) was tested ( Table 5 ). The activity toward pyruvate was high and very specific, with no detectable activities toward any of the other keto acid substrates.
The citramalate generated by L. interrogans CimA is of R chirality. The identity of citramalate was proven by GC-MS of its dimethyl ester (20) . The product was found to be (R)-citramalate (Fig. 4) . This result not only is consistent with the previously reported data for citramalate synthase from archaea (21) but also indicates that of the two proposed pyruvate pathways for isoleucine biosynthesis (9), the leucine-like pathway is more likely to be used by L. interrogans than the other (␤-methylaspartate) pathway. This experiment also showed that imidazole inhibited citramalate synthase and altered the R/S ratio of the products (Fig. 4) .
The LeuC/LeuD and LeuB enzymes function in isoleucine biosynthesis in L. interrogans. To complete the leucine-like pathway for isoleucine biosynthesis in L. interrogans, both the heterodimeric enzyme, LeuC/LeuD, catalyzing the interconversion of ␣-isopropylmalate and ␤-isopropylmalate via dimethylcitraconate, and ␤-isopropylmalate dehydrogenase, LeuB, catalyzing the NAD ϩ -dependent conversion of ␤-isopropylmalate to ␣-ketoisocaproate, could catalyze the conversion of   FIG. 4 . Chirality of the citramalate produced by LA2350 (CimA) reaction. (a) Peaks of (R)-citramalate and (S)-citramalate as products of the condensation reaction catalyzed by the crude enzyme. Standards were added to the samples (top), highlighting the elution positions of the corresponding R and S isomers. Most of the products were (R)-citramalate. (b) Purified enzyme with TES buffer (imidazole was removed from the sample buffer) was used for the reaction. (R)-citramalate is the predominant product. The peak area of (R)-citramalate was 183,099.1 V ⅐ s (98.57%), while the peak area of (S)-citramalate was 2,647.0 V ⅐ s (1.43%). (c) Purified enzyme with imidazole was used for the reaction. The production of (R)-citramalate was decreased. The peak area of (R)-citramalate was 40,327.0 V ⅐ s (83%), while the peak area of (S)-citramalate was 7,933.6 V ⅐ s (16.44%). These two reactions were carried out under the same conditions, including the same concentrations of enzymes and substrates, except for the presence or absence of imidazole in the reaction buffer. The activity of the product of these gene was assayed ( Table 2) . Because mesaconate, a stereoisomer of citraconate, failed to serve as a substrate, the ␤-methylaspartate pathway is unlikely to be used for isoleucine biosynthesis in L. interrogans. Mixed extracts of E. coli expressing the L. interrogans LeuC/ LeuD (pEX_2095&2096) and LeuB (pEX_2152) enzymes catalyzed the formation of ␣-ketobutyrate from citraconate or ␣-ketoisocaproate from dimethylcitraconate (Table 2) . Thus, there exists a set of genes of L. interrogans that are functional in isoleucine biosynthesis via a leucine-like pathway.
Both citramalate synthase and ␣-isopropylmalate synthase activities were detected in extracts of E. coli K-12. However, the ratio of these two activities was the same as that of either the LA0469 clone or an E. coli leuA clone expressed in E. coli BL21(DE3) ( Table 2) .
Complementation analysis of the leucine-like pathway for isoleucine biosynthesis. Because there is no system of genetic manipulation available for L. interrogans, mutants of E. coli with lesions in ilvA and other genes (e.g., leuA, leuB, and leuC/leuD) were used for complementation analysis. The results (Table 6 and 7) indicated that expression of the L. interrogans cimA gene (LA2350) was able to relieve the isoleucine requirement of an E. coli ilvA mutant (AB1255), but not the leucine requirement of the E. coli leuA mutant (CV512). This result not only confirms the reaction specificity of the L. interrogans CimA protein but also indicates that the E. coli LeuC/ LeuD and LeuB proteins are functional in the subsequent reactions of the pathway leading to ␣-ketobutyrate formation. This is the first direct in vivo evidence for the operation of a threonine-independent pathway of isoleucine biosynthesis under physiological conditions. LA0469 is a bona fide leuA gene since it only complements the leucine requirement of leuA tester strain CV512. It failed to relieve the isoleucine requirement of an E. coli ilvA mutant, although it has low citramalate synthase activity. The leucine complementation effect of LA2202 is marginal, consistent with its low catalytic activity in vitro (Table 2) .
Together, LA2095 and LA2096 can complement a leuC mutant (CV522) or a leuD mutant (CV524). However, neither of the genes alone is functional in this regard. Finally, LA2152 was able to complement a leuB E. coli mutant (CV516).
The expression of cimA and leuA in L. interrogans is transcriptionally regulated by isoleucine and leucine, respectively. Both citramalate synthase and isopropylmalate synthase were readily detected in L. interrogans grown on synthetic minimal (EMJH) medium. However, these activities were significantly reduced in cells grown on serum-containing Korthof medium (Table 2 ). When 5 mM isoleucine or leucine was present in minimal medium, neither CimA nor LeuA activity was detected. These results were supported by Western blot analysis with CimA-specific antibodies (data not shown).
The results of a real-time PCR assay with total RNAs extracted from L. interrogans cells grown in EMJH medium supplemented with isoleucine or leucine, as well as cells grown on Korthof medium, indicated that the expression of cimA (LA2350) was repressed by isoleucine but not by leucine (Fig.  5) . On the other hand, the expression of the leuA genes (LA0469 and LA2202) was repressed not only significantly by leucine but also moderately by isoleucine. Thus, leucine and isoleucine are capable of crossing the L. interrogans cell membrane and exerting their regulatory effects on the transcription of the corresponding biosynthetic genes.
DISCUSSION
Charon et al. (9) first proposed the pyruvate pathway for isoleucine biosynthesis in L. interrogans on the basis of their studies with 14 C-labeled carbon dioxide and other tracers. They suggested that isoleucine might be synthesized from ␣-ketobutyrate via citramalate, formed in turn from pyruvate and acetyl-CoA, which was very similar to that of leucine biosynthesis. This report not only fully supports this hypothesis but is also the first description of the citramalate pathway leading to de novo isoleucine synthesis under normal conditions of bacterial physiology. 
ϩ , M9 medium supplemented with His, Met, Arg, and thiamine as the minimal medium described in Materials and Methods.
Early suggestions regarding alternative pathways for the formation of ␣-ketobutyrate were mainly based on reversion studies of an E. coli ilvA mutant (30) . Later reversion experiments with enteric bacteria (22) and yeasts (34) offered further support for the involvement of the enzymes of leucine biosynthesis in an alternative isoleucine pathway, although the physiological significance of these observations was unknown. In the 1980s, radioactive labeling studies revealed that isoleucine was probably synthesized from pyruvate and acetyl-CoA via citramalate in M. thermoautotrophicum, where the conventional pathway involving threonine was missing (14) . Howell et al. (21) cloned the cimA gene of M. jannaschii and expressed citramalate synthase in E. coli. The characterization of this enzyme further supported a role for CimA in a novel pyruvate pathway for isoleucine biosynthesis. However, direct evidence for a complete alternative pathway under normal conditions of bacterial physiology was not provided.
The recently available genomic sequence of L. interrogans serotype lai confirmed that this strain lacks an ilvA gene but contains three CDSs that are homologous to leuA (32) . In this report, we have characterized these CDSs and confirmed that LA2350 encodes citramalate synthase while the other two (LA0469 and LA2202) are leuA genes.
Unlike the LeuA enzymes, CimA (LA2350) exhibits strict substrate specificity catalyzing the condensation of acetyl-CoA and pyruvate to form an isomer of citramalate. However, it failed to utilize ␣-ketoisovalerate, ␣-ketobutyrate, ␣-ketoisocaproate, or ␣-ketoglutarate (Table 5 ). This may reflect the structure of the enzyme and the molecular size of the substrate. Pyruvate is the smallest of the substrates tested. Therefore, if
CimA has a tight binding pocket for pyruvate (supported by the low K m value of 43 M), other substrates larger than pyruvate are likely to be excluded. On the other hand, because the LeuA enzymes are able to bind ␣-ketoisovalerate (K m ϭ 108 M for LA0469), pyruvate may also be accommodated, leading to detectable citramalate synthase activity (K m ϭ 709 M for LA0469). To further clarify this issue, we studied the leuA gene product from E. coli K-12. This protein also utilizes both substrates with a ratio basically the same as that of LA0469. Previously, it was reported that the ␣-isopropylmalate synthase of Salmonella enterica serovar Typhimurium had an affinity for pyruvate, but with a K m value about twofold higher than that of its physiological substrate (23) . Citramalate was reported to be formed from pyruvate by a Serratia marcescens mutant having a form of ␣-isopropylmalate synthase that was insensitive to feedback inhibition (22) . A similar phenomenon was observed in a respiration-deficient yeast mutant (34) . However, under normal physiological conditions, the use of pyruvate for isoleucine biosynthesis does not occur because of the very low affinity of ␣-isopropylmalate synthase toward pyruvate. Moreover, all of these microorganisms are different from L. interrogans by virtue of having a complete pathway from threonine to isoleucine. It is likely, therefore, that LA0469 is primarily responsible for leucine biosynthesis in L. interrogans. Since the expression of LA2202 (leuA1) in E. coli was very low, it was not further characterized.
The citramalate synthase CDS MJ1392 of M. jannaschii was the first to be characterized and, as expected, was thermostable. However, the L. interrogans CimA enzyme lost most of its activity at 50°C or above. At 37°C, the specific activity of the Charon et al. (9) proposed that the condensation of acetylCoA with pyruvate might yield either (S)-or (R)-citramalate, and two possible pathways were postulated. (S)-citramalate might be fed into the ␤-methylaspartate pathway of ␣-ketobutyrate biosynthesis via mesaconate. Alternatively, (R)-citramalate might eventually yield ␣-ketobutyrate via citraconate-a leucine-like pathway. Our experiments indicated that the majority of the citramalate was of R chirality (Fig. 4) , thus supporting the leucinelike pathway. It is interesting that high concentrations of imidazole may significantly alter both the chirality of the product and the enzyme activity.
We were able to demonstrate that two leucine biosynthetic enzymes encoded by L. interrogans genes, isopropylmalate isomerase (LA2095/LA2096, i.e., leuC/leuD) and ␤-isopropylmalate dehydrogenase (LA2152, i.e., leuB), catalyzed the conversion of (R)-citramalate to ␣-ketobutyrate. Mesaconate, an intermediate of the proposed ␤-methylaspartate pathway, was not a substrate. Thus, the in vitro enzymatic data support the operation in L. interrogans of an alternative pathway of isoleucine biosynthesis, the leucine-like pyruvate pathway.
These conclusions were further supported by in vivo complementation experiments conducted with E. coli. The rationale for these experiments was as follows. First, except for CimA, the enzymes of leucine biosynthesis and isoleucine biosynthesis via the pyruvate pathway are shared. Second, the enzymes of leucine biosynthesis in L. interrogans have the same function as their E. coli counterparts, as confirmed by previous work (12) . We first confirmed that the cimA gene of L. interrogans was able to reverse the isoleucine requirement of an E. coli ilvA mutant, AB1255. Because AB1255 requires either ␣-ketobutyrate or isoleucine for growth, the complementation is certainly isoleucine specific. The growth of cimA transformants on minimal medium was inhibited by valine but not by isoleucine (Table 7) . Similarly, ilvA mutants were able to grow on ␣-ketobutyrate-supplemented minimal medium but not on medium containing both ␣-ketobutyrate and valine. The first step of valine biosynthesis in E. coli is the condensation of pyruvate with active acetaldehyde derived from pyruvate to yield ␣-acetolactate. This reaction is strongly inhibited by valine and because the same enzyme catalyzes the conversion of ␣-ketobutyrate to ␣-acetohydroxybutyrate in isoleucine biosynthesis, valine blocks the biosynthesis of isoleucine (4, 28) . These observations confirmed that the metabolic intermediate supplied during cimA complementation is ␣-ketobutyrate. Although the L. interrogans leuA2 gene (LA0469) has traces of citramalate synthase activity in vitro, this gene only reversed the leucine requirement of an E. coli leuA mutant but not the isoleucine auxotrophy of an ilvA mutant.
Complementation studies of the three genes encoding the two leucine biosynthetic enzymes responsible for the succeeding steps, isopropylmalate isomerase (leuC/leuD, LA2095/ LA2096) and isopropylmalate dehydrogenase (leuB, LA2152), clearly indicate that these genes function in vivo in isoleucine biosynthesis via the threonine-independent pathway. LeuC and LeuD are the large and small subunits of isopropylmalate isomerase, respectively. In most microorganisms (including L. interrogans), these two genes are cotranscribed (19) . Thus, the initial complementation experiment was performed with the cistronic leuCD construct. However, when these two genes were tested individually, no complementation was observed. This suggests that the LeuC subunit of L. interrogans cannot form a functional enzyme with the E. coli LeuD subunit and vice versa.
When the leucine-like pyruvate pathway was originally proposed, Charon et al. (9) and Westfall et al. (41) indicated that feedback inhibition of the pyruvate pathway was occurring in L. interrogans. They were puzzled to notice that the pyruvate pathway was not controlled by leucine (41) . In other words, isoleucine synthesis and leucine synthesis appear to be independently regulated despite the fact that the same enzyme system is used. This study experimentally proved, at three different levels (Table 2 and Fig. 5 ), that the expression of either the cimA or the leuA gene was regulated by the corresponding amino acid end products. In particular, the regulation of cimA expression is very strict; i.e., it only responds to isoleucine but not to leucine. On the other hand, the regulation of leuA expression was relatively less stringent, i.e., isoleucine moderately regulated leuA expression. This regulatory mechanism, together with other amino acid biosynthetic pathways in L. interrogans, remains to be clarified. In this connection, as shown in previous publications (2, 31) , this study points to the presence of specific amino acid transporters in L. interrogans, despite the fact that the annotation of the genome failed to identify any of these systems.
Finally, except for S. marcescens (22) , cimA genes were mainly thought to be present in the genomes of archaea. Among bacteria, spirochetes are evolutionarily primitive. Significant portions of the genomes of L. interrogans are more similar to those of either archaea or eukaryotes than to those of bacteria (32) . It has been known that the biosynthesis of methionine in L. interrogans corresponds to the pathways of both bacteria and yeast (31) . The leucine-like pyruvate pathway for isoleucine biosynthesis might be rare in bacteria but common in archaea (43) .
